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Analytical X-ray appliances are widely used for materials characterization. The use of X-rays
without proper protection can lead to harmful effects. In order to minimize these harmful effects,
it is essential to have a proper estimation of the dose rates around the equipment. Moreover, it is
important to follow the safety regulations in order to avoid accidental exposure.
This thesis outlines the potential hazards in the use of X-ray analytical instrumentation at
the Division of Materials Physics, University of Helsinki. The theoretical part of the thesis intro-
duces to the generally approved fundamental principles of radiation protection and the regulations
based on these principles. Also, the production and properties of X-rays, radiation dosimetry and
the biological effects of X-rays are discussed.
The experimental part evaluates the actual radiation protection in the X-ray laboratories.
Two open X-ray appliances, a powder diffractometer and a Laue setup, were selected for a closer
study. A copper anode X-ray tube was used and the tube current was set to 20 mA and the voltage
to 45 kV, which are the typical experimental values. The dose rates around the equipment were
mapped by an ionization chamber. Based of these measurements, the maximum expected dose
rate around the powder diffractometer was estimated to be of the order of 1 μSv/h at the user
position. In the case of Laue system, the dose rate around equipment was estimated to be 10-100
times the dose rate around the powder diffractometer. Additionally, for powder diffractometer
the theoretical characteristic X-ray flux from the tube was calculated. The characteristic X-ray
flux after the monochromator at sample position was measured using a scintillator detector and
a copper filter. The dose rate calculated from the flux was as high as 10 mSv/s. In typical pow-
der diffraction experiments the expected dose rates are lower than these estimated maximum values.
In general, the equipment were found to be safe to work with, provided that the users fol-
low the department regulations and safety guidelines.
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Chapter 1
Introduction
X-rays are widely used to reveal the structure of matter as well as to view inside of the
body without making an incision. The use of X-rays has helped scientists and medical
professionals alike for decades. However, the benets come with risks. Unlike visible
light, X-rays are not observable to the naked eye. Moreover, X-rays ionize the medium
they pass through, which makes them dangerous to unprotected human body. Despite
X-rays being extremely hazardous, their adverse e¤ects can be minimized and the safety
of appliances can be improved through proper measures and training.
Jenkins and Haas [1], for example, have worked thoroughly over the possible hazards
associated with the use of X-ray devices in laboratories. Likewise, Creagh and Martinez-
Carrera [2] have determined safety instructions for using X-ray di¤raction and X-ray
analysis apparatus in various types of installations. These devices produce intense beams
of small cross-section and can cause severe burns within seconds in case of direct expo-
sure. Especially open installations, like portable uorescence analyzers, require extreme
care because the beam is directed outside the appliance. Also, radiation scatters from the
sample and the surroundings. In particular, scattering from single crystal samples can be
very intense and directional. In case of enclosed appliances, there are virtually no risks
concerning radiation exposure during normal measurements. However, during adjust-
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ments or maintenance enclosed appliances may involve the same risks as open systems.
For example, while adjusting the monochromator the operatorsngers are vulnerable
and can even accidentally be exposed to the primary beam. Moreover, during visual
alignment of the beam path components, operatorseyes might get exposed to radiation.
Analytical X-ray equipment are used in our laboratories to study the structure of mate-
rials. To ensure that the operators are not unnecessarily exposed and that proper safety
measures are implemented, it is essential to understand the production and properties
of X-rays, as well as their interaction with matter and their biological e¤ects. In this
Masters thesis I evaluated radiation protection of two appliances at the Department of
Physics in accordance with national and international regulations. The rst appliance
was a powder di¤ractometer with a four-circle goniometer and the second one was a
back-reection Laue camera. Dose rates around the equipment were mapped by using an
ionization chamber. Additionally, the characteristic X-ray ux from a copper anode tube
was determined in order to estimate the dose rate in the primary and the monochromatic
beam.
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Chapter 2
Radiation protection
Radiation protection is the science and practice of protecting people and their environ-
ment from the potential hazards of radiation while allowing its benecial use in medicine,
science and industry.
2.1 Historical background
The history of radiation protection starts from the nearly parallel discoveries of X-rays
and radioactivity by the end of 19th century. In late 1895, Wilhelm Conrad Röntgen
discovered X-rays when he was experimenting with the discharge of electricity in cathode
ray vacuum tubes. During one experiment he had covered the vacuum tube with a black
card board to block out its glow. However, he noticed emitting light on a uorescent
screen placed several feet away from the tube. He observed the "mysterious rays" passing
through various solid object. He also noticed the rays passing through his hand, where
bones contrasted from muscles. This nding turned out to be a scientic bolt from the
blue causing a great stir among scientists and public equally. For scientists and medical
practitioners, the most interesting property of X-rays was their penetrability. Within
months after the discovery, medical practitioners started to make radiographs to help
them in their work. Though, the rst radiograph showed an image of Röntgens wifes
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hand on a photographic plate [3].
In 1896, just two and a half months after the public announcement of Röntgens discovery,
Henri Becquerel discovered radioactivity while he was working on uranium containing
phosphorescent materials. The emitted rays from uranium were thought to be of same
kind as X-rays. The images produced by these rays were very fuzzy compared to those
produced by X-rays. The lack of availability of uranium was an additional problem.
However, after the discovery of radium by Pierre and Marie Curie two years later the
phenomenon of radioactivity gained widespread attention.
The use of X-rays spread fast due to the easy availability of Crookes tubes compared to
radioactive sources. Scientists and medical practitioners could set up an X-ray generating
apparatus and use it. Surgeons were making medical radiographs to guide them in their
work. Scientists were captivated by the properties of X-rays and their potential use to
study the structure of matter. Laypersons were fascinated to look at interiors of their
body. The extensive use of X-rays without proper protection inevitably led to injuries
in form of skin burns, dermatitis, erythema and blistering. Reports associating danger
with use of X-rays made most of the scientic and medical community realize that X-rays
are harmful. Radiation workers started to protect themselves by reducing the exposure.
Scientists started to use enclosed tubes and maintained some distance for protection.
However, due to the lack of international standards, it was still common to nd X-ray
units without any safety measures till the second quarter of 20th century.
2.2 Fundamental principles of radiation protection
Almost all international and national standards and regulations in radiation protection
are based on the recommendations of International Commission on Radiological Protec-
tion (ICRP). The most important fundamental principles for radiation protection are
known as the principle of justication, the principle of optimization of protection, and
the principle of application of dose limits [4].
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 The principle of justication Any decision that alters the radiation exposure
situation should do more good than harm. This principle roughly means that,
the benets of using radiation should be more than the drawbacks of its use. For
example, no source of exposure should be introduced unless its advantages outweigh
its risks.
 The principle of optimization of protection The likelihood of incurring ex-
posures, the number of people exposed, and the magnitude of their individual doses
should all be kept as low as reasonably achievable, taking into account economic and
societal factors. This principle is also known as ALARA (As Low As Reasonably
Achievable).
 The principle of application of dose limits The total dose to any individual
from regulated sources in planned exposure situations other than medical exposure
of patients should not exceed the appropriate limits recommended by the Commis-
sion. The current dose limits in Finland are given in table 2.1.
Table 2.1. Dose limits for radiation workers, students and public.
Dose (mSv/year) Radiation Workers Students (Aged 16-17) Public
E¤ective dose
5 year period 20 - -
1 year period 50 6 1
Equivalent dose
Lens of eye* 150 50 15
Skin 500 150 50
Hands and feet 500 150 No separate dose limit
*The recommendation for the dose limit for the lens of the eye has been revised by ICRP.
The new limit is 20 mSv per year [5].
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2.3 Radiation protection in Finland
In Finland, radiation practices and safety regulations are closely bound to international
regulations and to the legal acts of the European Union. Provisions concerning the
use of ionizing radiation in Finland are given in the Radiation Act (592/1991), and the
Radiation Decree (1512/1991) [6]. The Radiation and Nuclear Safety Authority (Finnish:
Säteilyturvakeskus; abbreviated as STUK) is the regulatory body controlling the use of
radiation and ensuring the safety guidelines dened in legislation. STUK belongs to the
administration of the Ministry of Social A¤airs and Health. STUK publishes regulatory
guides, ST-guides, which are based on radiation legislation [7]. STUK issues safety
licenses to organizations and individuals working with radiation. STUK is responsible
for onsite inspections and maintains a dose register record of the radiation exposure of
radiation workers [8].
2.4 Regulations at the Department of Physics
The Department of Physics, University of Helsinki, has a safety license for the use of
radiation in research and education. This license covers the use of particle accelerators,
X-ray apparatus and sealed and unsealed sources. Moreover, the safety license allows the
installation, repair and servicing of radiation appliances in the department. The regula-
tions and guidelines for radiation safety can be found on the intranet pages (Flamma) of
the department [9]. The organizational structure concerning radiation safety is shown in
gure 2.2.
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Figure 2.2 Radiation safety organizational structure.
The head of the department and the heads of the divisions have the administrative
responsibility. The operational radiation safety is controlled by the radiation safety
o¢ cer who serves as the director responsible for the use of radiation. Safety o¢ cer
advises the personnel as an expert in radiation safety. Moreover, he is responsible for
organizing the monitoring of the sta¤ for radiation exposure and maintaining records
pertaining to this monitoring. The safety coordinators are responsible for the safety of
a specic area, for example X-ray appliance. The duties of safety coordinators include
(but are not limited to) the training of sta¤, notifying the radiation safety o¢ cer in case
of any changes in the sta¤ and keeping records of the locations where radiation sources
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are stored and used within his area of responsibility. The radiation safety o¢ cer and the
radiation safety coordinators form the radiation safety committee which handles safety
issues concerning the department. Authorized users have license to operate radiation
devices without a supervisor. The license is issued by radiation safety o¢ cer or the
radiation safety coordinator in charge of the radiation device(s) [9] (sections 3.4 and 4).
The most important regulatory guides on radiation safety relevant to analytical X-ray
protection are ST 1.10 and ST 5.2 [7]. The X-ray laboratories of the department are
classied as controlled areas. In such areas, the e¤ective dose may exceed 6 mSv per
year. Hence, the workers have to be classied as Class A radiation workers. The workers
must be trained and introduced to their tasks and their health surveillance and individual
dose monitoring have to be arranged by the responsible party (the department). The
guiding principles concerning the use of X-ray equipment at the department are given in
section 7 of the Radiation safety guidelines [9].
10
Chapter 3
Production and properties of X-rays
X-rays are type of electromagnetic radiation. They are similar to visible light but have far
shorter wavelength having range from 0.01-10 nanometers. The wavelength corresponds
approximately to energy in the range 100 eV-100 keV. X-rays occupy the region between
gamma and ultraviolet rays in the complete electromagnetic spectrum [10].
3.1 Production of X-rays
X-rays can be produced by radioactive sources (e.g. Iron-55), particle accelerators in
form of synchrotron radiation (where user has choice to select the wavelength required)
or by an X-ray tube. In our laboratory X-rays are produced by X-ray tubes that use high
voltage to accelerate the electrons released by a hot cathode. The electrons impact on a
metal target at high speed resulting in X-rays production [10]. Kinetic energy of electrons
striking at the target is mostly converted into heat, only less than 1% is transformed into
X-rays [11]. In general, the X-ray tube yields continuous and characteristic X-rays.
3.1.1 Continuous X-rays
Continuous X-rays are produced when electrons slow down in the strong electric eld near
the nucleus of an atom. The decrease in the kinetic energy E of the electrons transforms
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to the energy of photon with frequency  as
E = h =
hc

(3.1)
where h is Plancks constant and c is the speed of light. When an electron loses all of its
energy in a single collision, energy of the generated X-ray photon is obtained from the
accelerating voltage (V) as
Emax = eV (3.2)
where e is charge of an electron. Since we know the value of Plancks constant (h), the
speed of light (c), and the charge of an electron (e), equation (3.1) can be rewritten as
 =
12:398
V
(3.3)
where V is in kilovolts and  in angstroms. Upon increasing the voltage of X-ray tube
we get shorter wavelength [10]. The total intensity (I), dened as the number of X-ray
counts recorded at any energy within an energy dispersive spectrum of continuous X-rays
is proportional to the tube current (i) as
Icont = AiZV
2 (3.4)
where A is the constant of proportionality and Z is the atomic number of target element.
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Figure 3.1 (a) Production of continuous X-rays (b) continuous spectrum.
When large amount of continuous radiation is needed, it is necessary to use a heavy target
material, for example, tungsten (Z=74) and highest possible applied voltage. Continuous
X-rays are also known as Bremsstrahlung or white radiation.
3.1.2 Characteristic X-rays
When a high speed electron strikes an atom, it dislocates a tightly bound electron from the
atomsinner shell. An electron from an outer shell falls into the vacant place resulting
in the emission of X-ray being characteristic of the atom in question [10]. When we
raise the voltage of an X-ray tube above a certain critical value, very sharp intensity
maxima appear at specic wavelengths. Those characteristic lines are superimposed on
the continuous spectrum and fall into several sets, referred to as K, L, M and so on.
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Figure 3.2 (a) Production of characteristic X-rays (b) spectrum lines (continuous
spectrum can also be seen).
Usually, only the three strongest of K-lines are observed, known as K1, K2 and K1
[10]. The relationship between tube current (i), applied voltage (V) and K excitation
voltage (VK) is given by
IK line = Bi(V   VK)1:5 (3.5)
where B is constant of proportionality.
Table 3.1. Some commonly used X-ray K wavelengths (Å). [12]
Element K(av:) K1 K2 K1
Cr 2.29100 2.28970 2.29361 2.08487
Fe 1.93736 1.93604 1.93998 1.75661
Co 1.79026 1.78897 1.79285 1.62079
Cu 1.54184 1.54056 1.54439 1.39222
Mo 0.71073 0.70930 0.71359 0.63229
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3.2 Interaction of X-rays with matter
Theoretically there are twelve processes that can occur when X-rays interact with matter
[13]. Usually, only three of these processes are important from the point of view of
radiation protection. These processes are photoelectric e¤ect, Compton e¤ect and pair
production.
The photoelectric e¤ect occurs when the incident photon is totally absorbed by an atom
and an electron is ejected. This process leaves the atom in an excited state. The atom
then returns to the ground state with the emission of an X-ray characteristic of the atom
or with emitting an electron (Auger e¤ect). Photoelectric absorption is the dominant
process for X-ray absorption up to energies of about 500 keV and for atoms of high
atomic numbers.
The Compton e¤ect, also known as incoherent scattering, occurs when the incident X-ray
photon ejects an electron from an atom and an X-ray photon of lower energy is scattered
from the atom. Relativistic energy and momentum are conserved in this process. The
scattered X-ray photon has less energy and therefore greater wavelength than the incident
photon. Compton scattering is important for low atomic number samples. At energies
of 100 keV - 10 MeV the absorption of radiation is mainly due to the Compton e¤ect.
Pair production refers to the direct conversion of X-ray photons to an electron-positron
pair. Pair production can occur when the X-ray photon energy is greater than 1.02
MeV. Positrons are very short lived and disappear interacting with an electron (positron
annihilation) with the formation of two photons of 0.51 MeV energy. Pair production is
a rare process and is of particular importance when high-energy photons pass through
materials of a high atomic number.
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3.3 Attenuation of X-rays
Attenuation is the decrease of the ux of X-ray photons when passing through matter.
It depends on the energy of photons and the thickness, density and atomic number of
the material the photons are passing through [10]. For a narrow beam of monoenergetic
photons, the X-ray beam ux ' at some distance x passing through a material can be
expressed as
' = 'oe
 x (3.6)
where  is the linear attenuation coe¢ cient. It is the probability of an interaction per unit
distance travelled. It is directly proportional to the physical density and atomic number of
material and inversely proportional to the photon energy. Linear attenuation coe¢ cient
is expressed in inverse centimeters (cm 1), and accounts for all X-ray interactions. If we
divide linear attenuation coe¢ cient by materialsdensity it becomes mass attenuation
coe¢ cient. Mass attenuation coe¢ cient is used for it ease as it is independent of physical
density. If we have a sample that consists of two or more elements the mass absorption
coe¢ cient can be estimated by the following equation [10]
(


) = w1(


)1 + w2(


)2 + ::: =
X
j=1
wj(


)j (3.7)
where  is the bulk density and wj represents the weight ratio for each element.
3.4 Half-value layer and tenth-value layer
Half-Value Layer (HVL) refers to the thickness of any specied material which attenuates
the incident ux of beam to half of its original value. HVL depends on the photons energy
and has a unit of length. HVL is inversely proportional to the attenuation coe¢ cient and
is related as
HV L =
ln 2

(3.8)
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HVL can also be dened for dose or dose rate instead of ux.
Tenth-Value Layer (TVL) is a very similar concept to HVL. It is dened as the amount
of shielding material required to reduce the radiation ux to one-tenth of its original
intensity.
TV L =
ln 10

(3.9)
HVL and TVL are important parameters used for radiation shielding. STUK provides
detailed information in its ST-guides on design of shielding around radiation sources [14].
17
Chapter 4
Radiation dose
The measurement and risk assessment of radiation exposure requires specication of the
radiation eld at the point of interest. Di¤erent methods for quantitative measurement
of energy deposited in a given medium by ionizing radiation are dealt with radiation
dosimetry. The radiation dosimetry quantities include the basic physical quantities,
limiting quantities and operational quantities.
4.1 Basic physical quantities
The basic physical quantities can be divided into radiation eld quantities which include
the uence or particle uence ('), energy uence ( ) and dosimetric quantities that
includes absorbed dose (D), kerma (K), cema (C) and exposure (R) [15].
Radiation eld quantities
Fluence is one of the most essential quantities to specify the radiation eld. It describes
the number of particles passing through a radiation eld. In the limit of innitesimal
area it is dened as
 =
dN
dA
(4.1)
where dN is the number of particles incident on an cross-sectional area dA. Fluence has
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units of m 2. Energy uence ( ) describes the energy that passes through unit area. It
has units of Jm 2.
Dosimetric quantities
Absorbed dose (D) is dened as transfer of energy from ionizing radiation to the matter.
It is expressed in terms of transferred mean energy per unit mass. Mathematically,
absorbed dose is given as
D =
dE
dm
(4.2)
The SI unit for absorbed dose is gray (Gy). In the case of photons, the absorbed dose is
calculated as
D =  
en

(4.3)
where  is the uence and en is the energy absorption coe¢ cient of the medium.
Kerma, kinetic energy released per unit mass (K) is dened as a sum of all of the ki-
netic energy of charged ionizing particles liberated by uncharged ionizing particles (i.e.
photons, neutrons) per unit mass of material. The SI unit of kerma is gray (Gy).
K =
dEtr
dm
(4.4)
Energy is transferred in two stages and kerma quanties the rst stage of energy absorp-
tion (i.e. the transfer of energy to charged particles in medium through several photon
interactions). In the second stage energy is inferred to matter by charged particles de-
scribed by absorbed dose. The relation between kerma and absorbed dose is given by
D = K(1  g) (4.5)
where g is the average fraction of energy transferred to electrons that is lost through
bremsstrahlung.
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Cema, converted energy per unit mass (C) is a quantity largely analogous to kerma. It
is dened for charged particles as
C =
dEc
dm
(4.6)
where dEc is the energy expended by ionizing charged particles, except secondary elec-
trons in electronic collisions in a mass dm of a given material. Cema has same unit as
kerma (gray).
Exposure is the quantity formerly used for measurement of ionizing radiation. Exposure
in air is the term given to the amount of charge of one sign produced when all the
electrons liberated by photons in unit mass of air have been stopped completely. The
unit for exposure is roentgen (R).
4.2 Limiting quantities
Limiting quantities or protection quantities are used to relate the risk of exposure to
single dose quantity. These quantities consist of organ absorbed dose, organ equivalent
dose and e¤ective dose [15].
Absorbed dose in an organ or tissue (DT ) is the averaged absorbed dose over the volume
of an organ or tissue T. The SI unit for absorbed dose in an organ or tissue is gray (Gy).
Equivalent dose in an organ or tissue is dened as
HT = wRDT;R (4.7)
where DT;R is absorbed dose in an organ or tissue T incident on human body from a
radiation of type R and wR is the radiation weighting factor which characterizes the
biological e¤ectiveness of a specic radiation R relative to photons. The sum is taken
from all types of radiation involved. The wR values for various types of radiation are
specied in table 4.1.
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Table 4.1. Radiation weighting factor for di¤erent radiation types wR: [4]
Radiation type Radiation weighting factor wR
Photons, all energies 1
Electrons, myons, all energies 1
Protons and charged pions 2
Alpha particles, ssion fragments, heavy ions 20
Neutrons A continuous function of neutron energy
E¤ective dose (E) is the weighted sum of organ equivalent doses
E = wTHT (4.8)
where wT are tissue weighting factors characterizing the relative sensitivity of the various
tissues with respect to cancer induction and mortality. The sum of tissue weighting
factors is 1. The weighting factors are given in table 4.2.
Table 4.2. Tissue weighting factors wT : [4]
Tissue wT
P
wT
Bone-marrow(red), colon, lung,
stomach, breast, remainder tissues
0.12 0.72
Gonads 0.08 0.08
Bladder, oesophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04
Total 1.00
*Remainder tissues: adrenals, extrathoracic (ET) region, gall bladder, heart, kidneys,
lymphatic nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, thymus
and uterus/cervix.
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4.3 Operational quantities
Operational radiation quantities are used in radiation protection measurements for ex-
ternal exposure (area or individual monitoring). These quantities should provide approx-
imate values of limiting quantities [15].
Dose equivalent is used for routine radiation protection applications. It is the product
of absorbed dose (D) at point of interest and quality factor (Q) weighting the relative
biologic e¤ectiveness of radiation, given as
H = Q D (4.9)
The SI unit for dose equivalent is sievert (Sv).
ICRU sphere phantom
The ICRU sphere is a body dened by the International Commission on Radiation Units
and Measurements (ICRU), which approximately corresponds to the human body with
regard to the absorption of the energy of ionizing radiation. It is a sphere of tissue
equivalent material with a diameter of 30 cm, a density of 1 g cm3, and a composition of
76.2% oxygen, 11.1% carbon, 10.1% hydrogen and 2.6% nitrogen [16].
Expanded and aligned eld
Expanded eld is a radiation eld in which the particle uence and its directional and
energy distributions are the same throughout the volume of interest as at the reference
point in the actual eld.
Expanded and aligned eld is a radiation eld in which the particle uence and its energy
distribution are the same as in the expanded eld, but the uence is unidirectional.
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Area monitoring
Ambient dose equivalent H(d) is the dose equivalent at a point of interest in a radiation
eld that would be produced by the corresponding expanded and aligned radiation eld
in the ICRU sphere at a depth d (in millimeters) on the radius vector that is opposing
the direction of the aligned eld.
Directional dose equivalent H
0
(d,
) is the dose equivalent at a point of interest in a
radiation eld, that would be produced by the corresponding expanded eld, in the
ICRU sphere at a depth d (in millimeters) on a radius in a specied direction 
.
Individual monitoring
Personal dose equivalent Hp(d) is the dose equivalent in a soft tissue at a depth d in a
human body, below a point where personal dosimeter is worn. Hp(d) can be measured
with a suitable detector, which can be worn at the surface of the body and is covered
with suitable thickness of tissue-equivalent material. For monitoring of the skin dose
d = 0.07 mm, e¤ective dose d = 10 mm and dose to the lens of the eye d = 3 mm.
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4.4 Summary of quantities and units for external
dosimetry
Table 4.3 gives a summary of quantities and units as well their primary application. We
use (and has been dened in this chapter) for regular practical protection [15].
Table 4.3. Summary of dosimetry quantities and their units.
Type of quantities Unit Application
Basic physical quantities
Air kerma, K gray Reference quantity for photon radiation
Fluence,  cm 2 Reference quantity for neutron radiation
Absorbed dose, D gray Reference quantity for electron radiation
Operational quantities
Personal dose equivalent, Hp(d) sievert Individual monitoring
Ambient dose equivalent, H(d) sievert Area monitoring for penetrating radiation
Directional dose equivalent, H
0
(d;
) sievert Area monitoring for low-penetrating radiation
Primary limiting/protection quantities
Organ absorbed dose, DT gray Dose limitation
Organ equivalent dose, HT sievert Dose limitation
E¤ective dose, E sievert Dose limitation
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Chapter 5
Biological e¤ects of X-rays
X-rays are ionizing radiation and have potential to disrupt the structure of organic mole-
cules in cells. Generally, biological e¤ects of radiation begin with the ionization of atoms.
Ionizing radiation absorbed by human tissue has enough energy to remove electrons from
the atoms that make up molecules of the tissue. The a¤ected tissues further a¤ect organs
and hence, the whole human body.
5.1 Direct and indirect e¤ect
Chromosomes are considered to be the most critical target to X-rays since they contain
the genetic information and instructions required for the cell to perform its function and
to make copies of itself for reproduction purposes. A chromosome is an organized package
of DNA found in the nucleus of the cell. Direct e¤ect includes the direct ionization of
the DNA molecule (gure 5.1 (a)), which may result in genetic damage. This kind of
damage can disturb the reproduction and survival of the cells [17].
However, DNA counts for a very small portion of a cell. The human body mostly consists
of water molecules. Upon exposure of ionizing radiation there are more chances that
radiation will interact with water molecules. This interaction might result in formation
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of free radicals (gure 5.1(b)) and toxic substances which attacks the DNA. This indirect
e¤ect of radiation on DNA is more probable than direct action.
Figure 5.1 (a) Damage from direct e¤ect (b) damage from free radicals.
When we irradiate pure water, the interaction of radiation with water causes the break-
down of water into hydrogen (H) and hydroxyls (OH). Hydrogen and hydroxyls may
recombine or interact with other ions resulting in the formation of harmful compounds,
for example hydrogen peroxide (H2O2). Hydrogen peroxide is a very powerful oxidizing
agent, and hence it has adverse e¤ects on cells or molecules [17].
5.2 E¤ects of radiation on cells
The sensitivity of human bodys organs is directly related to the sensitivity of cells.
However, all cells are not exactly identical and hence they are not equally sensitive to
radiation. For example, germline cells are particularly sensitive to radiation while mature
di¤erentiated cells are less sensitive. Living cells can be classied upon their reproduction
rate and the relative sensitivity towards radiation [17].
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Lymphocytes known also as white blood cells are most sensitive to radiation as they
regenerate constantly.
Reproductive and gastrointestinal cells are not regenerating as quickly as lymphocytes
and therefore they are less sensitive.
Nerve and muscle cells regenerate very slowly, and hence they are least sensitive cells to
radiation.
5.3 E¤ects of radiation on organs and body
The human body is made up of many organs, and each organ of the body is made up
of specialized cells. Hence, the sensitivity of the various organs of the human body is
associated with the relative sensitivity of the cells. For example, the blood forming cells
are one of the most sensitive cells due to their rapid regeneration rate, the blood forming
organs are one of the most sensitive organs to radiation. Muscle and nerve cells were
relatively insensitive to radiation, and therefore, so are the muscles and the brain.
The factors that a¤ect the whole body from exposure of radiation depend on the total
dose being received by a person, type of cells being exposed to radiation, type of radiation,
age of an individual being exposed, part of body exposed as some parts are more sensitive
than others, general state of health of an individual, and time interval over which dose
is received [17].
5.4 Deterministic radiation e¤ects
Deterministic e¤ects, also known as non-stochastic e¤ects, are those responses which in-
crease in severity with increased radiation dose. Deterministic e¤ects occur when human
body receives high radiation dose over relatively short amount of time. This e¤ects results
in lots of dead cells. Deterministic e¤ect is characterized by a threshold below which the
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e¤ect is not seen. This threshold varies from person to person as well as from tissue to
tissue [18]. Short-term, high-level exposure is referred to as acuteexposure. Acute ra-
diation syndromes are classied as; the hemopoietic syndrome, the gastrointestinal (GI)
syndrome and the central nervous system (CNS) syndrome.
The hemopoietic syndrome is associated with the blood forming tissues. People with the
hemopoietic syndrome have shown changes in blood count.
The GI syndrome occurs when body receives a total dose of about 10 Gy or more and
results in complete destruction of bone marrow as well destruction of the intestinal ep-
ithelium. The GI syndromes usually results in death within several weeks after exposure.
The CNS syndrome occurs when body is exposed to a dose of about 20 Gy.
In case of low-energy X-rays, skin is the main target of exposure. The radiation exposure
on skin may result in erythema or changes of pigmentation, epilation, blistering, necrosis
and ulceration. Other than skin, eyes sensitive target for high-dose radiation among
occupational workers using analytical X-rays. Irradiation on eye lens might cause damage
in the epithelial cells of the lens capsule. Radiation exposure to the lens of eye might
result in blindness as abnormal lens bers would prevent light to reach retina. Most
common deterministic radiation e¤ects with respect to certain amount of radiation dose
is given in table 5.1.
Table 5.1. High radiation dose and its biological e¤ects.
Radiation dose (Gy) Biological e¤ects
< 0.05 No immediate e¤ects
~0.05-0.5 Slight changes in the blood
~0.5-1.5 Slight changes in the blood and possible symptoms of nausea.
~1.5-11 Serve blood changes with immediate appearance of symptoms.
~11-20 Probability of death increases, as gastrointestinal system is destroyed
> 20 Death becomes certain, as central nervous system ceases to work.
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5.5 Stochastic radiation e¤ects
Stochastic e¤ects are e¤ects which show up years after exposure. Unlike deterministic
e¤ects stochastic e¤ects can occur from a single cell damage. For stochastic e¤ects there
is no threshold and under certain exposure conditions stochastic e¤ects may or may not
occur. Stochastic e¤ects may result in the genetic e¤ects, somatic e¤ects or in-utero
e¤ects [18].
Genetic e¤ects are abnormalities that may occur in the future generations of exposed
individuals. These e¤ects involve the mutation of very specic cells (specically the
sperm or egg cells). Mutations of these reproductive cells are passed to the o¤spring
of the individual exposed. However, it is very hard to determine whether occurrence of
genetic e¤ect is due to ionizing radiation as there is lack of studies and evidences.
Somatic e¤ects are the most signicant e¤ects from an occupational risk perspective.
In somatic e¤ects the consequences are su¤ered by the individual exposed (usually the
radiation worker). Cancer is one of the greatest concern in somatic e¤ects for radiation
workers who receive low doses over a long period of time. Unlike genetic e¤ects, many
studies have been completed which directly link the induction of cancer and exposure to
radiation.
In-utero e¤ects involves the production of deformities in developing embryos. The e¤ects
from in-utero exposure can be considered part of somatic e¤ects. The malformation of
embryos produced do not indicate a genetic e¤ect since it is the embryo that is exposed,
not the reproductive cells of the parents.
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Chapter 6
Radiation safety in practice
This part of the thesis deals with the analytical X-ray equipment at the Department of
Physics, University of Helsinki. A powder di¤ractometer and a Laue system were chosen
for a closer study. Both of these equipment are used for materials characterization and
make use of a very narrow and high-intensity X-ray beam.
6.1 Powder di¤ractometer
The powder di¤ractometer appliance is shown in gure 6.1. The system consists of an
X-ray source, a 4-circle goniometer (Huber 420/511) and a NaI(Tl) scintillation detector.
The size of the beam can be controlled by slits or pinhole collimators. Data is acquired
and the instrument is controlled by a computer running a Unix based software package
(spec) [19].
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Figure 6.1 Powder di¤ractometer.
X-rays are produced with a highly stabilized generator (Seifert ID 3003) and a Cu-anode
ne focus di¤raction tube (PANalytical). The maximum power for X-ray tube is 1600 W,
the upper limit for current is 40 mA and for voltage is 60 kV. Samples are placed on the
4-circle goniometer. The sample can be rotated around three axes (; ;
) independently
and detector can be rotated about a fourth angle 2. The system is attached with a Ge-
monochromator (Huber 611) which consists of an asymmetrically ground curved crystal.
The powder di¤ractometer system is classied as an open X-ray appliance because the
X-ray beam is directed outside of the appliance [20]. The principle risk associated with
the use of powder di¤ractometer is the high intensity monochromatic beam coming out
of X-ray tube through monochromator. If some party of the body is exposed to the
monochromatic beam the dose limit might be exceeded within seconds. Moreover, eyes
are very sensitive and particularly vulnerable. Permanent damage to the lens of eye
can be done if one looks directly into the beam. X-rays are scattered around when
monochromatic beam falls on to the samples, collimators, beam stoppers or shielding.
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Though the dose rate from scattered X-rays is usually not very high, it still might go
beyond the regulatory exposure limits.
6.2 Laue setup
The Laue method is used for the determination of single crystals orientation. The Laue
system is shown in gure 6.2. Continuous radiation is used which either transmits through
or reects from a xed crystal depending on the experimental setup. In practice there
are two di¤erent setups of Laue method, the back reection method and the transmission
method. During dose rate measurements the equipment was in the back reection mode.
This means the image plate is located between the X-ray source and the stationary
crystal, and the backward di¤racted beams are detected and recorded. The Laue setup
system is classied as an open system [20]. The appliance is equipped with a beam
collimator of 0.75 mm aperture. The X-ray tube and generator are similar to the ones
being used in the powder di¤ractometer. Since the point focus was already in use in
another apparatus (SAXS), a fraction of the line focus was being used. The beam hitting
the sample was continuous which means the system is more dangerous than the powder
di¤ractometer system.
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Figure 6.2 Laue system (without the lm plate).
6.3 Survey equipment
The accurate measurement of radiation dose is central to the radiation protection. A
Berthold tol/f survey meter was used for mapping the radiation eld. The Berthold tol/f
survey meter works as a proportional counter in the dose rate range of 0.1 Sv/h-10
mSv/h, and as an ionization chamber in the dose rate range of 10 mSv/h-100 Sv/h.
Before taking measurements the detector was carefully calibrated with Strontium-90.
During measurements one of the main problem with the use of Berthold tol/f survey
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meter was that upon registering very high dose rates the survey meter takes some time
to get stable. The energy response curve for Berthold tol/f survey meter is shown in
gure 6.3.
Figure 6.3 Energy response curve for Berthold tol/f survey meter [21].
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Chapter 7
Calculations and measurements
The accurate measurement and calculation of radiation dose rates is central to radiation
protection. This chapter deals with the measurement of dose rates and mapping of
radiation eld around powder di¤ractometer system and Laue system. Additionally, the
characteristic ux from X-ray tube was measured and calculated.
7.1 Powder di¤ractometer
7.1.1 Calculated characteristic X-ray ux
Honkimäki et al. [22] have given a formula to calculate the characteristic ux from a
sealed tube per unit solid angle as
dn
d

= nef()B(Z)(Uo   1)p (7.1)
where
 ne is the number of electrons impinging on the target per unit time and is related
to X-ray tube current as ne = i/e (e is the elementary charge)
 f() is the absorption factor of the tube target ( = (=)= sin , where (=) is
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the mass absorption coe¢ cient and  is the takeo¤ angle)
 B(Z) is a scaling constant dependent on tube target given in per incident electron
and Z is the atomic number of target element
 Uo is the ratio of tube voltage to the excitation voltage of characteristic K radiation
 p is an exponent with theoretical value of 1.67.
In a typical experiment with our powder di¤ractometer we use CuK radiation, for
which the excitation voltage is 8.979 keV. The tube voltage is usually 45 keV and the
tube current is 20 mA. The takeo¤ angle is 6o. From the graphs of Honkimäki et al. [22]
we get for f(); the approximate value of 0.62. The scaling constant B(Z) is 4:7 10 5
per incident electron, and the value for the parameter p is 1.71(2). The ux from a Cu
sealed tube per unit solid angle is found to be
dn
d

= 3:8(2)  1013 photons/sr s
Figure 7.1 provides a schematic diagram of the X-ray source and the monochromator.
Figure 7.1 A schematic diagram of the X-ray source and the monochromator (gure not
to scale).
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Here the beam size is dened by the rectangular slit (H=10mm and W=2mm) positioned
at the distance of Rs from tube focus. The solid angle 
 is found to be

 = 3:1 10 3 sr
By using 
 we can calculate the number of photons per second for primary beam coming
out of X-ray tube (before monochromator) as
n = 1:2(1) 1011 photons/s
Using the count rate of photons before monochromator crystal we can estimate the ab-
sorbed dose rate as

Dtotal = 7:6(2) Gy/s
The dose rate estimation is for characteristic X-rays only though continuous X-rays are
present.
7.1.2 Measured characteristic X-ray ux
The characteristic X-ray ux after the monochromator was measured by NaI(Tl) scintilla-
tion detector. The detectors e¢ ciency is approximately 100% for CuK X-rays. During
measurements a copper lter was introduced in the beam path to avoid damage to de-
tectors crystal and dead time losses. The experimental setup of powder di¤ractometer
is shown in gure 7.2.
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Figure 7.2 Experimental setup of powder di¤ractometer (gure not to scale).
In a ne-focus tube, the focus size is 0.04 mm x 8 mm when viewed at a takeo¤ angle of 6
degrees. In the horizontal detection, the slits were adjusted to let all available radiation
to detector. The height of the beam was limited to 4 mm with the slit # 3 before the
sample position and the receiving slit # 4 height was 6 mm. The detected counts were
286809 in 10 minutes (600 seconds). X-rays absorption by copper lter and air was
taken into account by using the numerical data for (m

)air and (
m

)Cu [23] and measured
values of xair; xCu from gure 7.2. We nd the number of K photons per second of
monochromatic beam at point of monochromator as
Io=2.6(1) 108 photons/s
When comparing the number of photons after monochromator with the number of pho-
tons before monochromator they di¤er by a factor of 1000.
The ux at point of sample holder was calculated by using the cross-sectional area of the
monochromatic beam. The monochromatic beam width was measured by performing a
2 scan and the beam height was estimated by varying the receiving slit height. The
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cross-sectional area of monochromatic beam was found to be of 12.1(1) mm2. The beam
ux at point of sample holder was found to be

's = 1:1(1) 109 photons/s cm2
During positioning or adjusting the samples, when the X-ray tube shutter is open users
hands might be exposed. We can calculate the absorbed dose rate for soft tissue using

D =

's  E  (=)en (7.2)
where E is energy of photons. The value for (=)en for soft tissue at energy 8.047 keV
is 9.935103cm2/kg [23]. The calculated absorbed dose rate at point of sample holder is

D = 13:4(2) mGy/s
Using the absorbed dose rate we can estimate the personal dose equivalent rate for the
skin of hand as

Hp(0:07) = 12:5(2) mSv/s
A very similar study about X-ray safety for analytical instrumentation has been per-
formed by J. H. Reibenspies [24]. Comparing our results for the dose rates at di¤erent
measurement points we got very similar results. In our calculation the absorbed dose
rate before monochromator crystal was estimated to be 10 Gy/s (see section 7.1.1) com-
pared to Reibenspiess approximation of 30 Gy/s. The absorbed dose rate at point of
sample holder was estimated to be 10 mGy/s compared to Reibenspiess approximation
of 3 mGy/s.
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7.1.3 Mapping of the X-rays eld
The radiation elds around powder di¤ractometer appliance were mapped by Berthold
tol/f survey meter. The mapping points were selected to be around X-ray tube, mono-
chromator, collimator tube, chi-circle and slits. The voltage and current values of the
X-ray tube were set to the standard of 45 keV and 20 mA. The time for each measure-
ment was 5 minutes (300 seconds). All of the measured values have been multiplied by
2 to correct for the detectors e¢ ciency (see section 6.3). In the following measurements
the error is estimated to be 0.05 Sv/h. The background radiation was 0.22 Sv/h
which was subtracted from the measured dose rates.
Dose rate mapping around the X-ray tube
The rst mapping point was around X-ray tube at di¤erent positions. The very rst
measurement was done with tube shutter closed in order to check radiation leakage. The
measurement points are explained in table 7.1.
Figure 7.3 X-ray tube attached with monochromator (virtual protractor to
give visual idea of measuring spot).
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Table 7.1. Measurement of dose rate around X-rays tube.
Dose rate (Sv/h) A B C
Angle (Degrees) Shutter closed Shutter open Shutter open
0 0.24 0.42 0.34
30 0.30 0.28 0.38
60 0.30 0.30 0.36
90 0.34 0.26 0.34
120 0.22 0.24 0.34
150 0.20 0.24 0.30
210 0.32 0.26 0.28
240 0.30 0.28 0.30
300 0.28 1.38 0.18
330 0.28 0.44 0.34
A = Measurement of dose rates around X-ray tube with distance from tube of 5 cm,
whilst the tube shutter was closed (background radiation).
B = Measurement of dose rates around X-ray tube with distance from tube of 5 cm,
whilst the tube shutter was open.
C = Measurement of dose rates around X-ray tube with distance from tube of 10 cm,
whilst the tube shutter was open.
When the shutter was closed, no radiation leakage was found from the X-ray tube at any
angle or from any window. The highest dose rate of 1.38 Sv/h was noted at 300 degrees
on X-ray tube which is very close to the monochromator.
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Dose rate mapping around the monochromator
After X-ray tube the next mapping point was monochromator. Four di¤erent points were
chosen for dose rate measurements given in table 7.2.
Figure 7.4 Monochromator from the operator side of view.
Table 7.2. Measurement of dose rate around monochromator.
Measuring Distance (5cm) Dose rate (Sv/h)
Operator side 0.72
Opposite side 0.26
Above 1.54
Below 0.44
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Dose rate mapping around the collimator tube
The next point for dose rate measurement was around collimator. Four di¤erent points
at 6 di¤erent distances were selected for dose rates, explained in table 7.3.
Figure 7.5 Collimator tube attached with a monochromator.
Table 7.3. Measurement of dose rate around collimator.
Measuring distance 5 cm, Dose rate (Sv/h) A B C D
Distance from monochromator output (cm)
1 0.98 0.38 0.58 0.72
5 0.82 0.42 0.62 0.44
10 0.78 0.64 0.86 0.30
15 0.76 0.74 1.10 0.32
20 1.14 0.72 1.38 0.42
25 1.24 0.80 1.80 2.98
A = Dose rate reading at position above collimator tube.
B = Dose rate reading at operator side of collimator tube.
C = Dose rate reading at position opposite of operator side along collimator tube.
D = Dose rate reading at position below collimator tube.
It is worth noting that the dose rate is highest at the longest distance from the mono-
chromator close to the collimator opening. The reason for these high doses was scattered
radiation, including the back scattered radiation from the sample holder.
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Dose rate mapping around the chi-circle
The measurement around chi-circle was done at 9 di¤erent angles. The details are given
in table 7.4.
Figure 7.6 Chi-circle.
Table 7.4. Measurement around chi-circle (measuring distance 5 cm).
Angle (Degrees) Dose rate (Sv/h)
0 2.58
30 2.38
60 2.34
90 2.40
120 2.50
150 2.68
180 2.62
210 2.38
330 2.42
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The overall dose rates were found to be high around chi-circle, due to the presence of
scattered radiation. Moreover, it is quite hard to make practical shieldings around chi-
circle due to its rotation movements. It is recommended to keep a clear distance from
chi-circle when the apparatus is operational and shutter is open.
Dose rate mapping around the divergence slits
Four slits at four di¤erent points were selected for the readings. The measurements are
explained in table 7.5.
Figure 7.7 An operators side view of slit # 3.
Table 7.5. Measurement around slits
(measuring distance 5 cm).
Dose rate (Sv/h) Slit # 1 Slit # 2 Slit # 3 Slit # 4
Above 1.86 8.98 34.81 9.18
Left 1.78 8.98 36.78 14.98
Right 2.38 7.38 37.38 9.83
Below 0.84 3.18 14.58 2.18
The slits positions have been shown in gure 7.2. Highest dose rates were detected at
opening point of slit # 3. The reason again is the scattering of radiation.
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7.2 Laue system
The Laue system was set in the back reection mode shown in gure 7.8. The appliance
is equipped with a beam collimator of 0.75 mm aperture. The X-ray appliance is similar
to the one being used in the powder di¤ractometer appliance (see section 6.2).
Figure 7.8 Laue system.
7.2.1 Mapping of the X-rays eld
The dose rate measurement for Laue system was performed with the Berthold tol/f
survey meter. The voltage and current values of the X-ray tube were set to the standard
of 45 keV and 20 mA. The time for all measurements was 5 minutes (300 seconds). The
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background radiation was found to be around 0.18 Sv/h and the corrections to the
measurements were done the same way powder di¤ractometer. The measurement points
and the dose rates are explained in table 7.6.
Table 7.6. Measurement around Laue system
(measuring distance 15 cm).
Dose rate (Sv/h) A B C D E
Front 0.40 24.10 12.80 1.10 0.60
Right 1.20 14.80 3.00 0.96 1.50
Left 0.39 14.25 67.00 0.96 1.20
Below 0.38 3.2 (Above) 1.72 (Behind)
A = Dose rate reading around X-ray tube.
B = Dose rate reading around lm plate (not shown in gure).
C =Dose rate reading around sample position (sample not present during measurements).
D = Dose rate reading around beam stopper.
E = Dose rate reading around pinhole collimator.
The highest dose rate was found to be 67 Sv/h, on left side of the sample holder position.
The reason for the highest dose on left side of the sample holder is lack of shielding (which
was present on the right side of the system). The studied Laue system has recently been
replaced by a more modern and safe Laue setup.
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Chapter 8
Conclusion
From the results collected in the previous chapter, through mapping of radiation eld
around X-ray appliances and calculation of dose rates, we can make following conclusions.
At some spots around X-ray appliances a user is more vulnerable to X-rays. I picked
those spots to check how much dose rate a person would be getting whilst working. In
case of powder di¤ractometer X-ray appliance, users hands receive the highest dose when
exposed to the primary beam at place of sample holder. The dose rate was estimated to
be 10 mSv/s. The annual dose limit for hands is 500 mSv, which means it would merely
take less than a minute to exceed the limit if any part of hand is exposed. However, the
cross-section of the beam is a few square millimeters and in practice our hands during
adjustment of sample are in motion, which means that it is highly unlikely to get very
high dose at same point. It is worth noting that these estimations are expected to be
the highest possible dose rates. The dose rate of scattered radiation in the surrounding
of the powder di¤ractometer was estimated to be of the order of 1 Sv/h at the user
position.
In the case of the Laue system, the highest amount of scattered radiation (67 Sv/h)
was detected just around the table where the computer is placed. In practice, users
do not use computer with Laue system and simply leave the room after mounting the
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sample. However, assuming worst case scenario, if a user spends about an hour in the
room during measurements, one will be getting total dose of order of 100 Sv. If one
performs 100 measurements in a year the e¤ective dose would be of order of 10 mSv.
This does not exceed the annual dose limit for class A radiation workers. However, it
is still not acceptable amount of received dose in the department. Generally, the dose
rates estimated by mapping the surroundings of the setup were estimated to be 10-100
times the dose rate around the powder di¤ractometer at the user position. If high dose
exposures are recorded in the dosimeters, necessary steps are taken to x the equipment
(e.g. additional shielding around equipment) or user behavior (e.g. minimizing user
presence near the equipment).
Hence, based on estimation of dose rates, it is highly unlikely to exceed the dose limits
during normal measurements advised by STUK and the Department of Physics. Chances
of accidents are very low and no leakage was found in both analyzed X-ray tubes. In
general, all of the safety requirements set by STUK and hence by Department of Physics
are fullled, and all of the safety devices are in order, for example, the automatic shutter
of X-rays tube and the emergency shutdown button on the X-rays generator. All of the
warning lights are in working order, however not all warning lights are in visible range
during experimentations. Most specically the lights indicating the opening of shutter
on X-rays tube are quite blocked by monochromator which might cause some accident.
An extra shutter opening indicator is installed on the chi-circle goniometer, providing
much better visibility. Even better solution could be to use the same kind of warning
light as the one being used with Laue system.
Overall, the equipment are safe to work with. Yet, it is very important to follow the
good safety culture for the protection of users and the equipment. The safety culture
can be practiced and promoted by identifying, fully evaluating and promptly addressing
the problems with the equipment. It is necessary that all individuals take personal re-
sponsibility for safety. The use of personal dosimeters is obligatory, nger dosimeters are
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recommended while adjusting beam path components of the appliances. The equipment
use logs are available and in order. Mapping of radiation should be performed once in a
year and whenever changes are made in the system.
Finally, a few simple ways to protect oneself from unnecessary exposure of X-rays are to;
 reduce the exposure to as short as possible by limiting user presence near the
equipment
 increase the distance from radiation source as much as possible
 use optimal shielding around sources
 optimize the source parameters (voltage and current)
 keep track of amount of exposure (by using dosimeters and survey meters)
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